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THE EFFICIENCY CF HYDRAZIhT-PEROXIDE FUEL CELLS 

H. B. Urbach and R. J. Bowen 

Naval Ship Research and Development Laboratory 
Annapolis, Maryland 

IN T RO DUCT ION 

Hydrazine fuel cel ls  may  b e  a contender in some future applications 

of fuel-cel l  power ( re ference  1). However, the prec ise  evaluation of 

the hydrazine fuel ce l l  re la t ive to other  cel ls  requires  a knowledge of 

the i r  real izable  experimental  coulombic efficiencies. 

charac te r i s t ic  of hydrazine fuel cel ls  a r e  caused largely by self decom- 

posit ion of the hydrazine,  c r o s s  diffusion of hydrazine and oxygen 

through the porous s t ruc ture  of the cellsand by bleed of oxygen f rom the 

cell. A sample evaluation of such coulombic inefficiencies is made in  

th i s  repor t  based upon laboratory analysis of a single 6-in by 6-in cell  

The inefficiencies 

employing platinum catalyzed fuel cel ls .  

quite general .  However, the specific assignment of numerical  values of 

efficiency to other  sys tems should only be employed with the knowledge 

that considerable var ia t ion ex is t s  not only between different commercial  

sys t ems  but  within individual sys tems.  

The revelancy of the data i s  

DESCRIPTION OF THE EQUIPMENT 

. Mechanical Fea tures  of the Experimental  Apparatus 

High ambient p r e s s u r e s  were  developed in a pressur ized  system 

‘ I  
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s imilar  to that shown in  F igure  1. The p res su re  chambers  were  5-in 

and 9-in diameter  s tee l  vesse ls  ra ted at 15, 000 and 30,000 psi. r e spec -  

tively. Pressurizat ion '  of the sys tem was  achieved with high p r e s s u r e  \ 

argon and oxygen compressed  with air -dr iven compressors .  Cells of 

15 c m 2  (circular)  and 232 cm2  (6-in by 6-in square)  were  employed. 

I The hydrazine-electrolyte mixture  was circulated past  the. anode with a 

magnetically coupled centrifugal impel le r  for  the small  cell  with a p r e s -  

s u r e  -equilibrated submersible  centrifugal pump in  the la rge  cell .  

I , 
The 

electrolyte flow was monitored with a turbine flow me te r  (FI).  '< 

Electronic Components of the Experimental  Apparatus 

1 Polarization data  were  obtained by programming the cur ren t  sweep 

of a 50-amp Kordesch-Marko-type cur ren t  interrupter  and gate ( re ference  

.l 2 ) ,  recording sequentially by means  of a stepping switch, the anode, 

cathode and cel l  potential (including ce l l  potential cor rec ted  for ohmic 

lo s s e sf. 
7 

\ 

\ Fuel  Cell Components 

1 The anodes were  commercial ly  supplied pressed  teflon-platinum 
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2 powders  on gold-plated nickel s c r e e n s  with platinum loadings of 9 m g / c m  

T h e  cathodes w e r e  the s a m e  except that  the platinum loadings were  40 

m g / c m  . The electrolyte  w a s  fixed in a .030-in asbestos  matr ix .  The 

electrolyte  contained in  the asbestos  was in contact with the hydrazine-  

e lectrolyte  mixture  c i rculated behind the anode through the p o r e s  of the 

electrode.  

and nitrogen depending upon the differential  

different ia l  p r e s s u r e  gage D F  in F igu re  1) maintained between anolyte 

and catholyte compar tments  by the differential  p r e s s u r e  regulator within 

the  p r e s s u r e  vessel .  

2 

These  pores permit ted convection a n d / o r  diffusion of oxygen 

p r e s s u r e  (indicated by the 

EXPERIMENTAL RESULTS 

The  major  s o u r c e s  of t he  inefficiencies in  the hydrazine-oxygen fuel 

c e l l  a r e  derived from self-decomposition of the fuel, cross  diffusion of 

t h e  oxidant and fuel, and  from bleed of the oxidant. 

d a t a  on self-decomposition are  indicated i n  F igure  2. 

indicate the r a t e  of gas  evolution during increasing o r  decreasing load. 

G a s  evolution r a t e s  include both hydrogen and nitrogen evolution. The 

dashed l ine increasing with load r e p r e s e n t s  only the theoretical  nitrogen 

evolution discussed below. The ascending solid line i s  the s t ra ight  l ine 

para l le l  to the theoret ical  l ine of nitrogen evolution which b e s t  approxi - 

mates  t h e  experimental points.  The  descending solid line has  the s a m e  

absolute  value of slope.  

approaches  a minimum a t  approximatr ly  128 rnl/min-ft2 a lmost  6770 of 

t h e  open circui t  approximation of 200 ml /min- f t2 .  

The  experimental  

The a r rows  

T h e  points show a fall-off in gas rvolution which 
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Figure  3 represents  the c r o s s  diffusion of hydrazine f rom the 

anolyte through the anode and ce l l  mat r ix  to the cathode where the hydra-  

zine is oxidized to water  and nitrogen. The c r o s s  diffusion i s  measured  

by analysis  of the evolved gases  ra ther  than by electrochemical analyses  

a s  i n  reference 1. 

well a s  the hydrazine concentration. 

given in  ml/min-f t  

valent amp/f t2 .  

graphs and tables. 

The diffusion is dependent upon the applied load a s  

The equivalent hydrazine lo s s  is 

for  water-saturated ni t rcgen a t  25O C and i n  equi- 

Gas volumes a r e  always water-saturated at 25O C in  all 

2 

The most  significant fact  re la t ive to efficiency is that the c r o s s  

diffusion losses  of hydrazine decrease  rapidly with load. 

t ra t ions of hydrazine the rat io  of c r o s s  -diffusion losses  a t  open c i rcu i t  

and a t  load is much higher than the rat io  a t  high concentrations of hydra-  

zine. 

a t  3% the ratio is approximately 4. 5. 

At low concen- 

For example, a t  1% hydrazine the rat io  is approximately 20 whereas  

Table  I contains the raw data used to calculate  efficiency in  subsequent 

f igures .  

ce l l  potential a t  various loads. 

dependent upon the bleed r a t e  within the experimental l imits  of study. 

However, the logarithmic dependence is not uniform with cu r ren t  density, 

exhibiting increasing slope with the load. 

increased  c e l l  output most  strongly a t  high loads. 

Figure 4 i l lus t ra tes  the effect of experimental bleed r a t e s  on the 

The cel l  potential is  logarithmically 

Thus bleeds ra tes  effect 

DISCUSSION 

Self -Decomposition Losses  

Experimental g a s  -evolution data  for  hydrazine decomposition have 
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been reported in the open l i t e r a tu re  ( reference 2). It is possible to 

rationalize the shape of t he  experimental  cu rves .  

the mechanism of self-decomposition of hydrazine proceeds according to 

the following half cel l  and overal l  reactions: 

If i t  is assumed that 

N2H4 t 40H- N2 t 4H20t  4e (1) 

4H2W 4e -L 2H2 t 40H-  

N2H4 - 2 H 2  t N2 

(2)  

(3) 

then as the potential of the electrode becomes m o r e  anodic, reaction 

(2) will  be suppressed while reaction (1) is accel lerated.  F o r  every 

four equivalents of cha rge  one mole of nitrogen w i l l  b e  produced and 

2 moles  of hydrogen will b e  consumed. S h u s :  

(4) 
o K I  vn = Vn + - 

4 

Vh = Vh O - -- I f o r  I s i ~ :  / K  
2 (5) 

where  Vn and Vh are the volumes in l i t e r s  of nitrogen and hydrogen 

produced p e r  min-ft2, Vn and Vh a r e  the volumes produced under open 

circui t  conditions, K i s  (2981273) (22.4 x 601196, 500 and I i s  the cu r ren t  

density in amp/f t  . 
The total  gae production r a t e ,  Vt, is given by the s u m  of Equations (4) 

and ( 5 ) .  

0 0 

2 0 
When the c u r r e n t  density exceeds 2vh K,  v h  vanishes. 

0 0 
Tecognizing f r o m  Equation (3) that 2Vn equal v h  we obtain: 

(6a) 

(6b) 

0 K I  
Vt = 3 v n  - - fo r  I s 2 V E  / K  4 

o K I  
Vt = v, t - 4 for I ?  2Vg f K 

Thus ,  the slope of the descending portion of the gas evolution curve at 
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low cur ren t  densit ies i s  equal in absolute value to the slope of the 

ascending curve. 

curves  in Equations (6) a r e  equal whence, a t  the minimum, 

The minimum occurs  when the two branches of the 

Imin = 4Vx /K 

and 
0 

= 2vn Vtmin 

(7) 

Thus a t  the minimum, the total  volume of gas should correspond to 67% of 

the open circui t  gas  evolution. 

branch of the curve should be KI/4,  i n  agreement  with the theoretical  

value indicated by the dashed curve.  

Fu r the rmore ,  the slopes of the ascending 

These conclusions are closely 

approximated in F igure  2 and in the r e s u l t s  of reference 2. 

The re  is one a r e a  of divergence behveen theory and resu l t s .  In 

previous studies (unpublished) 

that not a l l  of the hydrogen is consumed. 

analytical  data on gas evolution indicate 

This  resul t  would suggest that 

some  self-decomposition does not occur a t  the electrodes but on insulated 

metal l ic  o r  catalytic sur faces  which cannot accomodate electrochemical 

discharge of the evolved hydrogen. 

Thus the c u r r e n t  of minimum gas evolution at  approximately 15.5 

amp/f t2  in F igure  2 might normally be  expected to correspond with the 

c u r r e n t  of self -decomposition indicated by the back-extrapolated (to zero)  

ascending branch of the curve which indicates 20 amp/f t2 .  

4 .  5 amp/f t2  (corresponding to 1. 5 arnp/ft2 since only a third of this gas 

The difference, 

should be nitrogen) might reasonably be  interpreted as self -decomposition 

, 
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on insulated metal  su r f aces .  

Cross  Diffusion Losses  

The resul ts  of F igu re  3 may be  compared with previous studies of 

c r o s s  diffusion reported i n  reference 1 .  The data  of reference 1 were  

obtained by a potentiostatic analysis of hydrazine under open circui t  

conditions. 

loss  of approximately 9.5 amp/ f t  

of 8 amp/f t  

The present  data ,  .interpolated to 30° yield a cross-diffusion 

2 in  good agreement  with the value 

2 obtained f rom Figure 3 (at 370 hydrazine) considering the 

differences in  the exper imenta l  conditions. 

The significant f ea tu re s  of the data in  F igu re  3, namely that loss/es 

a r i s ing  f rom c ross  diffusion dec rease  with load, a r i s e  f rom the fact  

that  under load the available hydrazine is more  rapidly consumed. 

interest ing i s  the fact  that the cross-diffusion l o s s  a t  lower concentrations 

Most 

of hydrazine i s  significantly les-s than half the l o s s  a t  higher concentrations. 

In par t icular ,  for example. a t  the 80-amp load, the loss a t  2% hydrazine 

is only 35% of the loss  at 3%. 

The possibility that  c r o s s  diffusion of oxygen dec reases  with load i s  

suggested by these resu l t s .  

Bleed Losses  

The data  of F igure  4 r ep resen t  not only bleed losses ,  but c r o s s  

I 

I 

I 

diffusion of hydrazine. The  nitrogen which i s  observed  in the oxygen 

bleed was  originally p a r t  of the hydrazine which was t ransported by 

diffusion f rom the anolyte flowing past  the backside of the anode through 

the a sbes tos  sepa ra to r .  Convection plays no ro le  in the t ransport  of this 
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\ 

I 

I 

hydrazine because the p r e s s u r e  gradient  in  the ce l l  i s  normally against 

the direction of hydrazine flow. 

The logarithmic dependence of the  ce l l  potential on oxygen bleed 

r a t e  suggests that the cathode potential is exhibiting a Nernst- l ike 

response  to the oxygen concentration which therefore  should be  l inear ly  

re la ted to the bleed ra te .  While logarithmic proportionality may exist 

the slopes of the curve's do not correspond to expected values for  typical 

Nernst  behavior. In addition, the slopes change with cu r ren t  density 

indicating more  complex relationships. 

Hydrazine Fuel  Requirements 

A formulation of fuel requirements  is simply stated i f  i t  i s  assumed 

that there  a r e  only four significant e lements  of fuel-cell inefficiency, 

the diffusion of hydrazine to the cathode, Dn, the diffusion of oxygen 

to the anode, Do, the bleed of oxygen f rom the cathode space,  B, and the 

self decomposition of hydrazine, S. 

Wn, in  t e rms  of the weight per  kamp-hr ,  Mn (0. 663 lb/kamp-iir for pure 

hydrazine) is  

The weight per  kw-hr of hydrazine, 

Mn I t D n t D o t S  
w n  = - (--I-- 1 E 

( 9 )  

where  E is the ce l l  output potential. 

en te r  into the expression for fuel requirements .  

The oxygen bleed t e r m  does  not 

In Table I the compilation of raw laboratory data, losses  

have been expressed in amp/f t2  for consistency. 

diffusion of oxygen, Do. ( see  column 3 which contains the sum of Do and 

The loss  due to 
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S) is obtained f rom F igure  5 which is reproduced f rom reference 1 .  

The value of Do is 1 amp/f t2  corresponding approximately to the c r o s s  

diffusion of 4500 psi and 50' C.  

t e r m ,  S, is 1.5 amp/ f t  and is derived f r o m  Figure  2 in accordance with 

the discussion above. 

hydrazine, Dn, namely, 5. 75, 3.7 and 3.8 amp/ f t  were  obtained exper i -  

mentally and deviate f r o m  the values 7.8, 5. 5 and 2. 6 interpolated from 

Figure  3 and cor rec ted  for  tempera ture .  The resu l t s  of Figure 3 r ep re -  

sent  a separa te  independent study a t  30° C.  

aging processee  and f rom difficulties associated with maintaining constant 

oxygen bleed, hydrazine diffusion r a t e s ,  and differential p re s su res  in a 

The value of the self decomposition 

2 

The average values for the c r o s s  diffusion of 

2 

The dispar i t ies  resul t  f rom 

dynamic system. .The reeul t s  of F igure  3 exhibit a l a rge r  fall-off in  the c r o s s -  

diffusion r a t e  as load i n c r e a s e s  than i s  apparent f rom column 2 of Table I. 

In fact  according to Table  I, the average  c r o s s  diffusion, Dn, is  slightly 

higher a t  80 amp/f t2  than a t  40 ampl f t  . 2 Figure  3 indicates that such 

behavior i s  anomalous. 

a period of several  hours  in  cont ras t  with the data of F igure  3. 

The  data  of Table I represent  measurements  over  

Thus, they 

may represent  changes in  the differential p r e s s u r e  between anode and 

cathode spaces  which modify the diffusion p rocesses  by superposition of 

convective flow pa t te rns .  

In the following ana lys i s ,  the values of hydrazine diffusion, Dn ,  

employed in  subsequent calculations a r e  those listed in Table I. 

inconsistency descr ibed in  the previous paragraph color the resul ts  of 

The 
I 
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the following analyses  to the extent of t 4 %  to -270 in the most discrepant 

c a s e s .  The discrepancy i s  on the conservative side in the most likely 

operating ranges.  

Columns 6 and 7, the hydrazine fuel requirement  calculated by use 

of Equation 9 are plotted a s  a function of the bleed r a t e s  i n  column 8 

in  F igure  6. 

bleed r a t e  within the range of 1 to 5 amp/f t2  does not change the fuel 

requirement  by m o r e  than 1. 570 

factor  in hydrazine fuel requirements .  

Peroxide Requirements 

The immediate conclusion to be  drawn is that the oxygen 

and is therefore  not the most  significant 

A formulation of peroxide requirements  is  given in Equation 10. 

The weight per  kw-hr of perpxide. 

required p e r  kamp-hr ,  Mo. (1.398 lb /kamp-hr  for  100% peroxide) is 

Wo, in t e r m s  o f  the weight of peroxide 

Mo I t D o t D , t B  
w o =  - (  I 1 

E 

Tne self-decomposition te rm,  S, in  Equation (9) is replaced by the bleed 

r a t e ,  B, i n  Equation (10). 

s e t  at 1 amp/f t2  corresponding to the c r o s s  diffusion a t  4500 ps i  and 

50 

r aw data of F igure  4. 

The value of Do has again been arb i t ra r i ly  

0 
C.  The values of Dn and B a r e  taken direct ly  f rom the measured 

See Table 11 for  a compilation of the input raw data 

and calculated values of weights p e r  kw-hr. 

plotted against  bleed r a t e  in  F igure  7. 

The required weights a r e  

The significant fact  again i s  that 

a t  cur ren t  densit ies where operation i s  likely because of high efficiency, 

the  bleed r a t e  is essent ia l ly  negligible in effect between 1 and 4 amp/f t2 .  
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F u e l  -Oxidant Requirements  

F igure  8 indicates that  fuel-oxidant requirements  per  kw -hr  (derived 

f r o m  Figures  6 and 7) exhibit broad minima with respec t  to oxygen 

b leed  ra te .  The significant conclusion, as before ,  i s  that the oxygen 

bleed r a t e  i s  not a significant factor a t  operating cu r ren t  densi t ies  such 

a s  40 amp/f t2  o r  grea te r  which would be  desirable  for reasonable  coulombic 

efficiency. 

F igu re  9 r ep resen t s  the specific fuel-oxidant requi rements  per  kw - 

h r  under varying load a s  determined by Figure  8. 

r a t e  is again s e e n  to be  small compared to the effect of load. 

The effect of bleed 

In cont ras t  

with behavior observed i n  hydrogen-oxygen fuel ce l l s ,  the specific fuel-  

2 oxidant requirements  dec rease  with load until approximately 80 amp/ f t  . 
Inc rease  i n  specific fuel-oxidant requi rements  probably inc reases  above 

2 80 amp/f t  

a n  uncertain a r e a .  Assuming acceptable l ife charac te r i s t ics ,  maximum 

energy  density appears  to occur  between 60 and 90 arnp/ft2.  However, a t  

least up to 80  arnp/ft2,  the  specific energy density of the tes ted cel ls  does 

where l ife charac te r i s t ics  of hydrazine fuel cel ls  represent  

not exhibit a maximum when trade-off ana lyses  a r e  made involving the 

operat ing power of fue l  c e l l s  and the 

oxidant. 

Coulombic Efficiencies 

power efficiency of fuel and 

F igu res  10 shows that the coulombic efficiency of the peroxide (oxygen) 

cathode i s  a function of bleed ra te  exhibiting a maximum f o r  high cur ren t  

dens i t ies  i n  the neighborhood of 1 amp/f t2 .  O n  the other  hand, F igure  11 

I 

i 

I 

I 

I 

i 
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i 

i 
I 

i 

shows that the coulombic efficiency of the hydrazine anode i s  essentially 

independent of oxygen bleed r a t e  over the range studied. 

and 13 show again that load ra ther  than bleed is the significant overal l  

F igures  12 

factor  in coulombic efficiency a s  in specific energy requirements .  

SUMMARY 

The coulombic efficiency and specific mater ia l  requirements  per  

energy unit of a hydrazine-peroxide single cel l  was studied. Electrodes 

were  a commercial ly  supplied var ie ty  prepared from p r e s s e d  powdered 

platinum and teflon powders in  6-in.  by 6-in. squares .  Analysis of the 

gas  evolution at hydrazine anodes indicates that a t  high loadings the 

self-decomposition l o s s e s  of hydrazine may be  negligible. 

diffusion of hydrazine (and possibly oxygen) decrease  rapidly with load. 

Bleed r a t e s  effect increases  in cel l  potential mos t  strongly a t  high 

loadings. 

C r o s s  

Hydrazine requirements  d e c r e a s e  only slightly with bleed r a t e .  

On the other hand, peroxide requirements  increase  with bleed r a t e  

although a t  high loads the increase  is small .  Combined fuel-oxidant 

requirements  per  energy unit show broad minima with respec t  to bleed 

r a t e .  

essent ia l ly  independent of bleed rate .  However, they a r e  strongly de-  

pendent upon load. Maximum energy density and coulombic efficiency 

may occur between 60 and 90 amp/ft2.  

At high cur ren t  densi t ies  the fuel-oxidant requirements  a r e  

The resu l t s  a r e  peculiar to the par t icular  system studied. In any 
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sys t ems  analysis ,  numer ica l  ass ignment  of efficiencies .should be 

based  upon experimental  evaluation of the fuel cel l  modules actually 

contemplated for  application. 

As a resul t  of the inc rease  of coulombic efficiency with load a t  

l ea s t  up to 80 amp/f t2  no  maximum may b e  expected when trade-off 

analyses  a r e  made  involving the operating power densi ty  of fuel cel ls  

and the coulombic efficiency of fuel and oxidant consumption. 
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GLOSSARY O F  SYMBOLS 

I 

B 

Dn 

DO 

E 

I 

K 

M 

Mn 

= Bleed loss  of oxygen in  amperes  p e r  square  foot 

= Diffusion loss of hydrazine in  amperes  pe r  square foot 

= Diffusion loss of oxygen in  amperes  pe r  square  foot 

Cell potential in volts 

= Current  density in amperes  p e r  square  foot 

= A constant 

= Mass requirements  per  kiloampere-hour 

= W t  of hydrazine-water m i x  p e r  kiloampere hour 

Mo 

S 

= W t  of peroxide-water mix  p e r  kilowatt hour 

= Self-decomposition loss  of hydrazine 

Vh 

Vn 

Vt  

W n  = W t  of hydrazine-water mix  p e r  kilowatt hour 

Wo 

= Volume of hydrogen in l i t e r s  produced p e r  minute p e r  square  foot 

= Volume of nitrogen in liters produced p e r  minute p e r  square  foot 

= Volume of all gases  i n  liters produced pe r  minute p e r  square  foot 

= W t  of peroxide-water mix  p e r  kilowatt hour 
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TABLE III - FUEL-OXIDANT REQUIREMENTS 

Total  
I Fue l  Oxidant W t  p e r  kw-hr 

Amp/ft2 W t  per kw-hr W t  per kw-hr (1000/0) 

20 1.045 2.109 3.154 
20 1.044 2.158 3.202 
20 1.034 2.204 3.238 
20 1.031 2.273 3.304 
20 1.027 2.473 3.50 
40 .898 1.844 2.742 
40 .889 1.841 2.73 
40 .a85 1.868 2.753 
40 .882 1.885 2.767 
40 .877 1.971 2.848 

Total  
Wt p e r  kw-hr 

(90%) B 

3.504 0 . 3  
3.558 0.9 
3.598 1.8 
3.671 2.8 
3.889 5 .5  
3.047 0 . 3  
3.033 0.8 
3.059 1. 6 
3.074 2.1 
3.164 4 .5  

1 

1.792 :: I :::: I 1.80 
80 .846 1.813 

2.646 
2.642 1 2.936 l:i:4 I i:: 2.659 2.9 
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Figure 3 - Effect of hydrazine concentration and load on nitrogen 
evolution at a platinum anode. 
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Figure  5 - Effect of p re s su re  on the c r o s s  diffusion of oxygen through 
a n  asbestos  separator  in a hydrazine-oxygen ce l l .  
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